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Mn4Si7CxMn-doped 3C-SiC ﬁlm has been prepared onto the Si (111) substrate by employing a molecular beam
epitaxy method. The experimental analysis establishes that the prepared sample shows the ferromag-
netic property with a relatively high Curie temperature (Tc) of 355 K, which is an exciting phenomenon
on account of the scarceness in the SiC-based diluted magnetic semiconductor. The analysis derived from
the X-ray diffraction and absorption spectroscopy patterns indicates that Mn atoms should react with Si
atoms and then form Mn4Si7 compounds. Combined with the theoretical simulation, it is speculated that
a new alloy phase of Mn4Si7Cx maybe appear, which should be responsible for the exceptionally high Tc
ferromagnetic behavior in the sample.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, the ferromagnetic diluted magnetic semiconductors
(DMSs) have attracted much attention due to their critical proper-
ties in some potential spintronic devices with a high Curie temper-
ature (Tc) [1,2]. Silicon carbide (SiC) owning a typical wide energy
band-gap is considered a promising candidate in spin electronics
applications by virtue of its exceptional properties under extreme
conditions [3,4]. The theoretical investigation showed that
Mn-dopant SiC-based DMSs exhibited some dramatical properties
such as half-metallicity, high Tc ferromagnetism (FM) and rela-
tively large magnetic moments [5,6]. Hence, some experimental
efforts have been devoted to this research topic to explore its phys-
ical nature. Ma et al. synthesized the bulk polycrystalline
Si1xMnxC by employing the solid-state reaction method, and they
proposed that the Tc of the cubic silicon carbide sample was around
250 K while x equals 0.05 [7]. Takano et al. performed the experi-
ments with regard to Mn-doped SiC ﬁlms onto a cubic 3C-SiC
homo-epitaxial wafer in terms of the ion-implantation technique
and reported the conspicuous FM characteristic at the Curie tem-
perature of 245 K [8]. In contrast, Wang et al. studied the
Mn-doped SiC ﬁlms on 4H-SiC(0001) surfaces by employing an
annealing method and suggested that the sample might have aFM characteristic with Tc of 300 K [9]. The Mn-doped SiC studies
concerning Curie temperature proved that its high Curie tempera-
ture allowed the conceivable application of Mn-doped SiC samples
even above room temperature.
Many research activities endeavor to describe and predict the
origination of the Mn-doped SiC FM characteristic, nevertheless
the inner mechanism derived from the previous experiments and
theoretical investigation show large discrepancies, in particular,
in the role of Mn atoms. For instance, Zhou and Song Bet proposed
that the doped Mn atoms should be considered to substitute the Si
atoms in the SiC lattice [10,11], by contrast, Zheng suggested that
the FM characteristic might be owing to the Mn atoms substituting
for C atoms [12]. Noticeably, Wang and Sun concluded that the FM
characteristic might be attributed to the incorporation of Mn solely
on the interstitial site in the SiC lattice rather than substitute Si- or
C-site [9,13,14]. The previous study proved that some emerging
Mn-Si phases such as Mn5Si2 and Mn4Si7 alloys appeared in the
heavily doped Mn:SiC sample or the high-temperature annealed
SiC sample possessing FM characteristics [15]. However, it should
not have plenitudinous justiﬁcation to ascribe the FM characteris-
tic to the newly appeared phases, because no Mn-Si or Mn-C com-
pounds have possessed the Curie temperatures higher than 50 K
[14]. Many subsequent reports clearly showed that Mn-doped SiC
nature was not as simple as described, since then, the issue con-
cerning the Mn doping mechanism and the origination of FM char-
acteristic in Mn-doped SiC has remained controversial, and the
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ferromagnetism have never been fully elucidated.2. Experiments
The Mn-doped SiC thin ﬁlms on Si (111) substrates were fabri-
cated by employing the molecular beam epitaxy (MBE) deposition
method, at a temperature of 950 C; with the conditions, Si, C and
Mn were co-deposited in a MBE chamber with the base pressure
6.0  108 Pa. In this process, Si (purity 99.999%) and C (purity
99.999%) atom beams were supplied by e-beam evaporators and
Mn (purity 99.99%) ﬂux was supplied by a Knudsen cell. The ﬁlm
thickness was measured to be 35 nm using the crystal oscillator
thickness monitor (MAXTEKTM-350). A Quantum Design super-
conducting quantum interference device (1.9 K 6 TP 400 K,
0 T 6 HP 7 T) was employed to study the magnetization of the
sample. The magnetic ﬁeld applied perpendicular to the ﬁlm plane
variation over an interval ranging from zero to 5300 Oe was
achieved. The zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled (FC) magne-
tization data were recorded. X-ray diffraction (XRD) experiments
were carried out at ambient temperature using a MXPAHF diffrac-
tometer with the Cu Ka radiation to explore the structure and
phase information of the sample. The Mn K-edge X-ray absorption
near edge structure(XANES) measurements were performed at
room temperature with the beamline U7C at National
Synchrotron Radiation Laboratory (NSRL), which allowed us to
explore the chemical state and local structure determination of
the sample. The electron-beam energy of NSRL is 0.8 GeV and the
maximum stored beam current is 250 mA. A Si (111) double crys-
tal monochromator was used for the scan of energy which is
described in detail in Ref. [16], and the measured signals were col-
lected in ﬂuorescence yield mode with a high purity 7-element Ge
array detector. XANES theoretical calculation spectra were pro-
cessed using the FEFF8.2 code [17].3. Results and discussion
The temperature dependence of the Mn-doped SiC thin ﬁlm
magnetization is displayed in Fig. 1, with the temperature interval
ranging from 5 K to 380 K. The experiments were conducted under
both ZFC and FC modes, with a 1000 Oe magnetic ﬁeld applied per-
pendicular to the ﬁlm surface. The onset of the ferromagnetismFig. 1. Magnetization as a function of temperature for Mn-doped SiC thin ﬁlm
sample measured at H = 1000 Oe under the zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled
(FC) modes. The inset shows the dM/dT curves, which indicates the Tc of 355 K.could be detected with a Curie temperature of about 355 K, which
was transparent at ZFC pattern and FC pattern, and further, the
insert image also showed the transformation clearly.
Signiﬁcantly, the FC magnetization curve has an exact duplicate
of the ZFC pattern, which demonstrates that only one magnetic
phase exists and no spin-glass transition appears in the sample
[18]. The elongated magnetic hysteresis loop M(H) curves of
Mn-doped SiC thin ﬁlm were investigated at 5 K and 300 K sepa-
rately and the results are exhibited in Fig. 2, and typically the vari-
ation proved that the sample, at least a portion, had a
ferromagnetic structure. As reported in a previous paper [8], the
Mn-free SiC sample is predominantly presented by paramagnetic
phase, thus, we estimated that the ferromagnetic phase of the
Mn-doped SiC thin ﬁlm sample should be related to the Mn atoms
in SiC ﬁlm. Furthermore, it is worthwhile to state that the
Mn-doped SiC thin ﬁlm should be a good candidate for application
in soft magnetic material ﬁled, with the consideration of its very
little coercivities within the magnetic ﬁeld range of 10–50 Oe at
5 K and 300 K.
With the purpose of catching the Mn atoms local state in the
Mn-doped SiC thin ﬁlm sample, XRD and XANES technology was
employed to characterize the structural properties of the sample.
For comparison, the XRD patterns of the heavily Mn-doped SiC
sample and the Si substrate were examined, and are shown in
Fig. 3. Observably, besides two diffraction peaks locating at
28.38 and 58.85 deriving from Si (111) and Si (222) crystal
planes, the rest eight new peaks separately locating at 25.72,
32.46, 35.46, 42.06, 43.06, 46.56, 47.78 and 54.12 should
be derived from the Mn-doped SiC thin ﬁlm itself. Therein, the
peak at 35.46 was considered belonging to 3C-SiC (111) crystal
planes (Reference ICDD-PDF:29-1129), and the other seven peaks
were suggested being derived from Mn4Si7 (104), (200), (214),
(117), (220), (222), and (304) crystal planes diffractions respec-
tively (Reference ICDD-PDF:72-2069). And as such, it was proposed
that the Mn atoms should react with Si and then form Mn4Si7 com-
pound. As shown in Fig. 3, the diffraction peaks of Mn4Si7 crystal
exist simultaneously, implying that the Mn4Si7 compound may
be formed into clusters with random orientation and embedded
in the SiC matrix.
To further investigate the role of Mn atoms in the Mn-doped SiC
thin ﬁlm, we have investigated the Mn K-edge XANES spectrum, as
displayed in Fig. 4. With the consideration of comparison, the
XANES calculated spectra of metal Mn, crystalline Mn4Si7, MnC,
MnSi, Mnin-C and Mnin-Si with the FEFF8.2 code are also studied
and presented in Fig. 4, in which MnC (MnSi) represents the MnFig. 2. Magnetic hysteresis loops at 5 K and 300 K for Mn-doped SiC thin ﬁlms.
Fig. 3. XRD patterns of Si substrate and Mn-doped SiC thin ﬁlm sample.
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Mnin-C (Mnin-Si) represents Mn adatoms that insert the interstitial
site of C (Si) atoms in the 3C-SiC crystal lattice. As shown in
Fig. 4, it can be observed that three characteristic peaks A, B and
C locating at 14 eV, 26 eV and 72 eV, which should belong to
Mn4Si7 according to the theoretical spectrum in Fig. 4, appeared
in the Mn K-edge experimental spectrum. Aside, the large discrep-
ancies in the experimental and theoretical spectra allowed us to
conclude that the existence of metal Mn, MnC, MnSi, Mnin-C and
Mnin-Si can be easily excluded.
Considering the above analysis, we could make a conclusion
that it is difﬁcult to obtain DMSs SiC which have the substitutional
or interstitial Mn atoms by means of MBE co-deposition method.
And thus, we suggest that the causation of the high Tc (355 K)
should not be related to the substitutional or interstitial Mn atoms.
Besides, based on previous reports [19,20], all Mn-Si compoundsFig. 4. The Mn K-edge XANES experimental spectrum of Mn doped SiC thin ﬁlm and
calculated spectra of metal Mn, crystalline Mn4Si7, MnC, MnSi, Mnin-C and Mnin-Si.
The threshold edge of the metal Mn spectra is set as the reference point.such as MnSi and Mn4Si7 phases are proved to show ferromagnetic
property, but their Curie temperature is just at around 30 K and
40 K. As a consequence, the possibility that pure Mn-Si compounds
are responsible for the ferromagnetic behavior with the Tc of up to
355 K can be surely excluded. In some literature [21,22], Mn5Si3Cx
alloy that was synthesized by C atoms incorporated into
anti-ferromagnetic Mn5Si3 compound also has ferromagnetic
behavior at around 360 K. However, the possibility of Mn5Si3Cx
alloy existing in the Mn-doped SiC thin ﬁlm sample can also be
excluded, since no vestiges of Mn5Si3 phase are found by analyzing
the XRD patterns. The analysis as long as the experimental indica-
tions, altogether strongly suggested that no substitutional or inter-
stitial Mn atoms but Mn4Si7 compound phase exist in the
Mn-doped SiC thin ﬁlm sample and allow us to propose that a
small amount of C atoms should be doped into the Mn4Si7 com-
pound and then to produce the Mn4Si7Cx alloy during Si, Mn and
C atoms are co-deposited onto the substrate. In other words, the
C atoms seem to act as interstitial atoms. The high Curie tempera-
ture is therefore solely determined by the C atoms. Referencing to
the previous experimental results in Journal of Magnetism and
Magnetic Materials [23,24], the interstitial atoms would increase
the unit cell volume, and the Curie temperature increases strongly
with increasing lattice constants. As a sequel, it was suggested that
the C atoms could bring the sample from anti-ferromagnetism to
high temperature ferromagnetism and then could evidently
improve the Curie temperature of Mn4Si7 compound, just similar
to the Mn5Si3 compound [21,22].
4. Conclusions
In conclusion, we have prepared heavily Mn-doped SiC thin ﬁlm
on Si substrate at 950 C by using the MBE method. It is observed
that the as-prepared ﬁlm sample is ferromagnetic with a
well-deﬁned Curie temperature up to 355 K. Based on the experi-
mental results, it can be conﬁrmed that the Mn4Si7 compounds
existed in the ﬁlm. Considering the pure Mn4Si7 compound is just
ferromagnetic with a quite low Tc value, we speculate that a small
amount of carbon atoms have been incorporated into the Mn4Si7
nanocrystal to form the Mn4Si7Cx alloy, which is responsible for
the ferromagnetic behavior with high Curie temperature.
Acknowledgments
This work was partially supported by the National Natural
Science Foundation of China (Grant Nos. 11405045, 11304081)
and the National Basic Research Program of China
(2014CB848900). This study was also supported by the Doctoral
fund project of Henan Polytechnic University (No. B2013-046).
References
[1] Ando K. Science 2006;312:1883.
[2] Alsaad A. Physica B 2014;440:1.
[3] Ferry DK. Phys Rev B 1975;12:2361.
[4] Debelle A, Dupeyrat C, Thome L, Monnet I, Eyidi D. Appl Phys A Mater Sci
Process 2012;106:679.
[5] Kim YS, Chung YC, Yi SC. Mater Sci Eng B 2006;126:194.
[6] Miao MS, Walter RL. Phys Rev B 2003;68:125204.
[7] Ma SB, Sun YP, Zhao BC, Tong P, Zhu XB, Song WH. Physica B 2006;394:122.
[8] Takano F, Wang W, Akinaga H, Ofuchi H, Hishiki S, Ohshima T. J Appl Phys
2007;101:09N510.
[9] Wang W, Takano F, Akinaga H. Phys Rev B 2007;75:165323.
[10] Zhou J, Li H, Zhang L, Cheng J, Zhao H, Chu W, Yang J, Luo Y, Wu Z. J Phys Chem
C 2011;115:253.
[11] Song B, Bao HQ, Li H, Lei M, Peng TH, Jian JK, Han JC, Zhang XH, Meng SH, Wang
WY. Appl Phys Lett 2009;94:102508.
[12] Zheng HW, Wang ZQ, Liu XY, Diao CL, Zhang HR, Gu YZ. Appl Phys Lett
2011;99:222512.
[13] Sun XK, Guo R, An Y, Liu JW. J Vac Sci Technol A 2013;31:041507.
[14] Wang WH, Takano F, Ofuchi H, Akinaga H. New J Phys 2008;10:055006.
C. Kang et al. / Results in Physics 5 (2015) 178–181 181[15] Takano F, Akinaga H, Ofuchi H, Kuroda S, Takita K. J Appl Phys 2006;99:08J506.
[16] Koningsberger D, Mojet B, Miller J, Ramaker D. J Synchrotron Rad 1999;6:135.
[17] Ankudinov AL, Ravel B, Rehr JJ, Conradson SD. Phys Rev B 1998;58:7565.
[18] Martínez B, Obradors X, Balcells L, Rouanet A, Monty C. Phys Rev Lett
1998;80:181.
[19] Sheeba RAJR, Saravanan R, Sasikumar S. Physica B 2013;426:71.
[20] Yamada M, Goto T, Kanomata T. J Alloys Compd 2003;364:37.[21] Takeuchi T, Hirayama Y, Futamoto M, Takagi K, Fujiwara T. J Appl Phys
1995;78:2132.
[22] Gajdzik M, Sürgers C, Kelemen M, Hillebrands B, Löhneysen HV. Appl Phys Lett
1996;68:3189.
[23] Przewoznik J, Zukrowski J, Krop K. J Magn Magn Mater 1995;140:807.
[24] Ohno H. J Magn Magn Mater 1999;200:110.
